The Internal Friction Peaks in YBa2C~306+x Above Room temperature Mark the Phase Transformations of the System
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The YBa2C~306+x system exhibits several Internal Friction peaks, thermally activated, with energies ranging from 0.11 to 1.5 eV '. Most of them are attributed to the oxygen atom motion in the YBa2C~306+x basal plane2, which are proved to be the most mobile atoms in this compound by means of neutron and xray diffraction data 5. In this article, we will mainly discuss data taken above room temperature in the 1 Hz to 5 kHz range on policrystalline samples. In these conditions 2 Internal friction peaks are measured. One of them has an activation energy of (1.54+0.09) eV, measured on samples with an oxygen stoichiometry x>0.8 . The other one has an activation energy of (1.3~kO.l) eV, measured on samples with 0.4<x<0.6 . The peak with higher activation energy is asymmetric, expecially when measured in samples with a resonance frequency above 1 kHz, corresponding to a peak position above 650 K. At these temperatures, under a vacuum, a fast oxygen outflow sets in1. The other peak, occurring at lower temperatures and lower oxygen content, is just an enlarged Debye peak. This enlargement has been considerd the effect of a distribution of relaxation times7 .
Informations on the crystal phases were obtained by means of neutron scattering. This technique is at the same time particularly suitable to measure the sample oxygen content, since the neutron scattering length of the different atoms in the compound is in the same range, unlike that of x-rays. Furthermore, it gives bulk information. We will discuss in the following the behaviour of the Internal Friction peaks and present some results suggesting their energy dependence on oxygen content and crystal phase of the samples.
The samples were produced by the standard solid state technique8 and pressed into bars. The process yields samples with an oxygen content around 6.9. These bars (about 1x5~30 mm3) were measured under a diffusion pump vacuum (10" Pa) at temperatures up to 800 K by the vibrating reed tecnique with electrostatic drive and frequency modulation detection of the flexural vibration (0.1 to 5 kHz) of Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19968105 cantilever mounted specimens. The neutron measurements were performed with the multidetector G4.1 at the Orph6e Reactor facility (LLB Saclay, France). The oxygen content of the samples was measured either by Rietveld refinement of the neutron diffraction data or by iodometric titration. A few samples were submitted to repeated thermal treatements. In these cases a dummy sample was submitted to the same treatements and used for the oxygen determination.
Soon after the discovery of the two peaks, which in the following will be referred to as Pol (the higher activation anergy peak) and as Po2 , several groups reported measures in which the peak position not only changed with the resonance frequency of the sample, but also as an effect of thermal treatements, that is with the oxygen c~n t e n t '~~* '~ .This effect is shown in figure 1 which reports the results of a sequence of successive internal friction measurements on the same sample. The oxygen content in this sample (value at the beginning of each run) was measured by iodometric titration. During each run, as the temperature rises, the oxygen starts to outflow, so that we report the results of a sample with a progressively reduced oxygen content. In the oxygen rich sample (curve a) peak Po, is strong while Po2 is a little shoulder located at its lower temperature side. In successive runs (b,c), peak Pol shifts towards lower temperatures and reduces in height. Po2 increases, and when the oxygen content is equal to 6.42 (d) the situation is completely reversed and Pol is a shoulder on the high temperature side of Po& In all the run presented in figure 1 the temperature was raised up to about 700 K and then rapidly reduced because at temperatures around 700 K or higher the oxygen outflow (see figure 2) becomes increasingly fast. The oxygen outflow and the structural changes' (basal plane oxygen desordering and orthorhombic to tetragonal transformation) that it brings about also explains the difference in shape between peak Pol and a true Debye peak, when measured at frequency of 1 kHz or higher. In fact, the same peak is closer to a Debye peak when measured at frequencies in the 10 Hz range.
The idea that Pol shifts with the oxygen content is also conceived by the isothermal measurements that we performed under vacuum on oxygen rich samples. One of them is reported in figure 3 , together with a fit obtained using an activation energy varying with time: H(t)=H,, -a t .
In this case the well known formula for a Debye peak becomes:
where A is the peak strength, ~= k T l a , A=ozoexp(R,,/kT) and a is a constant. The time dependence of the activation energy has been taken linear because a 10% shift in H is enough to reduce the peak intensity from its maximum value to the background. The existence of two orthorhombic phases'0 in this system is, according to us, a reasonable starting point to explain the presence and behaviour of these peaks. In oxygen rich samples (x>0.9), what is usually observed is the presence of the so called orthorhombic I phase ( and of the tetragonal phase at temperatures above 700 K, depending on the sample and the exact oxygen content). At lower oxygen contents becomes stable, in the low temperature range, the other orthorhombic phase ", which differs from the previous one for the oxygen atoms in the basal plane are aligned in every other line along the b
Isotherm at T=680 K I . , . . . , . , axis. We suggest that Pol is the peak due to the motion of oxygen atoms between positions (112, 0,O) and (0,1/2,0) in the orthorhombic I phase and PoZ the same peak relative to the orthorhombic I1 phase.The same kind of atomic motion has an obvious energy difference in the two crystal arrangements, as is measured for Pol and Po2. Furthermore, as reported in figure 4 and 5, it is also observed that in samples with increasingly less oxygen, the a and b axes length change and so does the (112, 0,O) and (0,112,O) site occupancy. This agrees well with the idea of a changing activation energy, that is of a shift of Pol . The activation energy should have a maximum when x=l (orthorhombic I) and should progressively decrease towards the value of the orthorhombic I1 phase. As orthorhombic I samples with less oxygen are considered, the oxygen atomic jumps which give rise to Pol occurrs between site whose energy difference is changing; furthermore part of the sample has turned into a new phase (orthorhombic 11).
Various calculation^"^^'^ based on the jumping of the oxygen atoms between (1/2,0,0) and 
* '
Isotherm at 695 K s* independently raise and fall in strength as a function of the oxygen content. Usually the value measured for PO2 at its optimum oxygen concentration (x=0.5) is greater than that for Pol (x=l). This could be well the result of the balancing of at least three parameters: oxygen content, oxygen occupancy of the (1/2,0,0) and (0,1/2,0) sites and relative proportion of the two orthorhombic phases. Finally, Po2 do not show a shift in position as clear as in the case of Pol. It is true anyway that the changes occurring in the orthorhombic I1 phase as a function of the oxygen content are smaller than that occurring in the orthorhombic I phase and this could explain the difference.
